Fermi surface of heavy electron systems plays a fundamental role in understanding their variety of puzzling phenomena, for example, quantum criticality, strange metal behavior, unconventional superconductivity and even enigmatic phases with yet unknown order parameters. The spectroscopy measurement of typical heavy fermion superconductor CeCoIn5 has demonstrated multi-Fermi surface structure, which has not been in detail studied theoretically in a model system like the KondoHeisenberg model. In this work, we make a step toward such an issue in terms of the well-established large-N mean-field theory. However, it is surprised that the self-consistent calculation cannot reproduced the fermionology of the experimental observation of the system due to the unfounded sign binding between the hopping of the conduction electrons and the mean-field valence bond order. It is found that the fermionology of the system can be well reproduced if one relaxes the binding and considers the mean-field bond operator as a free parameter. Given the fermionology, the calculated entropy and superfluid density are in qualitative agreement with the experimental results, which confirms our treatment of the mean-field theory. Our result supports a d x 2 −y 2 -wave pairing structure in heavy fermion material CeCoIn5. In addition, we have also provided the scanning tunneling microscopy(STM) spectra of the system, which is able to be tested by the present STM experiments.
I. INTRODUCTION
Elucidating the structure of Fermi surface is a key step to understanding the nature of strongly correlated electron systems. Experimentally, the Fermi surface can be measured by powerful spectroscopy techniques, e.g. angle-resolved photoemission spectroscopy (ARPES) and quasiparticle interference (QPI) of scanning tunneling microscopy (STM), [1] [2] [3] which provide large number of direct information on the fermionology of high temperature superconducting cuprate and pnitidate. [4] [5] [6] [7] [8] Recently, these state-of-art techniques has been successfully used to probe local/momentum space electronic structure of several heavy fermion compounds, such as URu 2 Si 2 , YbRh 2 Si 2 and CeCoIn 5 . [9] [10] [11] [12] [13] [14] [15] [16] Particularly, for the quasi-two-dimensional heavy fermion superconductor CeCoIn 5 , 17,18 both ARPES and QPI experiments reveal a hole-like Fermi pocket around (0, 0) and one or more electron-like ones centered at (π, π) above the superconducting critical temperature T c ∼ 2.3K. 9, 10, 13, 16 However, many previous works [19] [20] [21] [22] [23] [24] [25] have focused on the case with a single large Fermi surface around (π, π), which is obviously inconsistent with the fermionology of the experimentally observation of the systems, like CeCoIn 5 . This motivates us to check the physics involved multi-Fermi surface. Theoretically, the Kondo lattice or Kondo-Heisenberg model 26, 27 is believed to be able to capture generic Fermi surface structure of such system, which originates from Kondo hybridization between conduction electron sea and local spins. [28] [29] [30] [31] [32] In addition, the short-ranged magnetic interaction, which results from the well-known Ruderman-Kittel-KasuyaYosida exchange interaction, is also able to lead to more complicated topology of Fermi surface and even to induce radical change of Fermi surface, namely the Lifshitz transition.
21-23,25
With the well-established large-N mean-field theory, we find that the self-consistent solution of mean-field equations is unlikely to give rise to the desirable multiFermi surface structure due to an unexpected and unfound previously sign binding, namely, the sign of valence bond order (kinetic energy) of local spins is locked into the sign of conduction electron hopping t. Surprisingly, such sign binding is also true in other many-body models and we guess that such sign binding is an universal feature in the fermionic large-N mean-field theory, although a general proof is absent but for a simple quantum XY model the analytical result is provided (see Appendix A). This feature has not been noticed in previous studies and is a new finding of the present paper. Therefore, we have to relax the self-consistency of valence bond order, which actually leads to well-defined electron and hole Fermi surface without elaborate tuning. Importantly, the calculated Fermi surface is qualitative similar to the findings in spectroscopy experiments, thus confirms the validity of our theoretical model calculation and physical arguments. Furthermore, for given fermionology, we calculate the entropy and superfluid density in the possible unconventional superconducting state, which are in qualitative agreement with those experimental observations in heavy fermion superconductor CeCoIn 5 . In addition, we also provide the STM spectra of this two-band system, which shows crucial quantum interference effect between conduction and local electron paths. The lineshape of STM differential conductance shows characteristic Fano resonance when tunneling is dominated by conduction electrons while a large zero energy peak appears if local electrons are more active. We hope that the present work may be helpful for further understanding on the complicated Fermi surface topology of heavy electron systems and the corresponding anomalous behaviors.
The remainder of this paper is organized as follows. In Sec. II, we first introduce the Kondo-Heisenberg model on the square lattice and the corresponding mean-field equations are derived. Then Sec. III is devoted to the mean-field solution. It is found that we have to treat valence bond order as a free parameter so as to realize the multi-Fermi surface structure. In Sec. IV, some physical quantities like energy gap, entropy, and superfluid density are calculated in the superconducting state and compared qualitatively with the experimental observations. In Sec. V, the STM spectra are presented, and we focus on the quantum interference effect between conduction and local electrons. Finally, Sec. VI is devoted to a brief conclusion.
Here, local spins acquire dissipation χ k = J H χη k +λ with η k = cos k x + cos k y due to the formation of valence-bond order χ = σ f † iσ f jσ . Physically, such valence-bond order reflects the quantum dynamics of local spins, which competes with magnetic long-ranged order. Lagrangian multiplier λ is introduced to impose the local constraint on average. Meanwhile, Kondo screening effect is encoded by the hybridization between conduction electron and local spins via V = − σ c † iσ f jσ . In addition, there is a constant energy shift
] with the number of lattice sites N s and the occupied number of n c of conduction electrons. This constant energy should be added when free energy or ground-state energy is considered.
In previous studies, 19-25 a large Fermi surface around (π, π) is discovered and the increasing of Heisenberg interaction J H leads to appearance of several small Fermi pockets. However, no hole-like Fermi surface emerges around (0, 0), thus it is unable to contact with the spectroscopy experiments on quasi-two-dimensional heavy fermion superconductor CeCoIn 5 .
9,10,13,16 But, it is easy to see that if the hopping parameter t of conduction electron is negative, the desirable hole-like Fermi surface can be obtained. In contrast, if a positive t is used, as done in previous works, [19] [20] [21] [22] [23] [24] [25] one can obtain a large Fermi surface around (π, π). Therefore, throughout the present paper, we consider the case of t < 0.
A. Mean-field equations
The mean-field Hamiltonian of Eq. (1) can be diagonalized by the following transformation,
with α
. Here, we have defined
Then, the original Hamiltonian Eq. (1) reads
where the quasiparticle energy
. So, the corresponding free energy is
and four self-consistent equations are derived from the condition
where f F (x) denotes the Fermi distribution function.
B. Self-consistent solution
With self-consistent equations in hand, it is ready to obtain some useful physical quantities like the structure of Fermi surface. Here, we plot evolution of Fermi surface with increasing J H in Fig.1 . Without loss of generality, the parameters are setting to t = −1, t ′ = −0.3, J K = 2, n c = 0.9, T = 0.001 and J H = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6. Thus, the studied system is well inside the Kondoscreened regime where magnetic fluctuations and the resulting corrections to the mean-field level are expected to be weak.
33,34 Other cases with different doping level Actually, these unpleasant results are caused by the mismatch between the sign of hopping t and the valence bond order χ as what can be seen in Fig. 2. In Fig. 2 , the left one shows the quasiparticle band with χ > 0 and a hole and electron-like Fermi surface are clearly observed. In contrast, if χ < 0, which has the same sigh as t ,it is not possible to have both a hole and electron-like Fermi surface. It should be emphasized that the former case is obtained if we treat χ as a free parameter, which may be determined by weak hopping of local electrons, rather than a self-consistent mean-field parameter as in the latter case. More importantly, we have searched a large number of parameters to find solutions with a positive valence bond order but it turns out that the sign binding sgn(t) = sgn(χ) is always true if χ is self-consistently determined by mean-field equations. We should emphasize that this feature is not noticed in previous studies and is a new finding of the present paper. Therefore, we have to conclude that if we want to reproduce the observed multi-Fermi surface structure, the self-consistency of valence bond order χ has to be relax, which means χ is just an external free parameter like t and J H . Actually, this is also motivated by recent experimental analysis on mo- mentum space structure of normal and superconducting states for CeCoIn 5 .
14,16
III. FERMI SURFACE WITH POSITIVE VALENCE BOND ORDER
As discussed in last section, due to the unwanted sign structure, we have to relax the self-consistency of χ, thus only three mean-field equations are needed in stead of four. Then, we plot the structure of centered (π, π) emerges when J H > 0.291, which signals a radical change of topology of Fermi surface, the Lifshitz transition. 21 It should be noted that such transition cannot be described by conventional Landau order parameter. But as seen in Fig. 4 , the effective mass m * of quasiparticle, which is proportional to the weighfactor β 2 k averaged over all points on Fermi surface, and the ground-state energy E g provide an explicit signal for such featureless quantum phase transition. Moreover, the Lifshitz transition here is first-order since the the firstorder derivative of the ground-state energy E g at phase transition point J H = 0.291 is obviously discontinues. Therefore, we may summarize that generically a positive valence bond order leads to two Fermi surface structure, which is qualitatively similar to the experimentally observed results in ARPES and QPI.
9,10,13,16 Although the realistic Fermi surface of CeCoIn 5 is more complicated than our simplified theoretical consideration, the finding here is helpful to give more insight into this exotic heavy fermion superconductor.
IV. OBSERVABLES IN POSSIBLE SUPERCONDUCTING STATE
After obtained qualitatively the correct fermionology of the Kondo-Heisenberg model, it is interesting to check the physical quantities based on the multi-fermi surface topology in the possible superconducting state since the topology of the Fermi surface plays a fundamental role in determining the physical properties of the system. This study is also realistic since CeCoIn 5 has a superconducting instability below 2.3K. Motivated by the observation that the main contribution comes from the electron Fermi surface centered (π, π), 14-16 the extended s-wave pairing structure is not favored since it requires more active bands to cancel out the repulsive interaction in intraband. 35 Therefore, we can safely focus on the other pairing symmetry, i.e. the d x 2 −y 2 allowed by the symmetry of square lattice. 36 (A recent dynamical cluster approximation study also finds the clue of d x 2 −y 2 -wave in the frustrated two-dimensional periodic Anderson model. 
spins.
38, 39 Here, we will follow their formalism and only present basic formula, details on mean-field equations can be found in Ref. [38] .
Like the resonance-valence-bond (RVB) theory for superconductivity in t − J-like model, 40, 41 the pairing of local spins contributes a pairing term
into the Hamiltonian Eq.1. As an example, the evolutions of order parameters, thermodynamic entropy and superfluid density versus temperature are shown in Figs. 5,6 and 7 with J H = 0.6.
From Fig. 5 , the pairing strength shows the usual BCS mean-field behavior versus temperature. Although the pairing strength of local spins ∆ is rather large compared to the band width ∼ 4t, the more realistic pairing strength of conduction electron ∆ sc (∆ sc = k γ k c −k↓ c k↑ ) has much lower value, which is consistent with the exponential dependence on band width ∆ sc ∼ e −t/JH . Besides, we find that the dimensionless quantity, which suggests whether the considered state is a strong coupled superconductor, is 2J H ∆/T c = 5.4 and 2J H ∆ sc /T c = 0.9. These values imply that for the conduction electron, the system is a weakly coupled superconductor since the pairing is first formed by local electrons and then the Kondo hybridization drives the pairing between conduction electrons. While for local electron, a strongly coupled one is expected due to the performed spin singlet in the RVB background.
The behavior of thermodynamic entropy and superfluid density is obviously consistent with the standard prediction of d x 2 −y 2 -wave. Specifically, the quadratic behavior on temperature for low temperature entropy is similar to the finding in original measurement on CeCoIn 5 .
17 Meanwhile, the linear in temperature behavior of superfluid density is also confirmed by the microwave surface impedance measurements in Ref. 42 though more puzzling and controversial power-law behavior exists. 43, 44 It is noted that although the system has two superconducting band E ± k , the superfluid density dose not show the intrinsic upward curvature, which is a generic feature of a weakly coupled two-bands system, as first pointed out in Ref. [45] for cuprate superconductor. The reason of this difference is that the upward curvature only occurs when the assumed two bands have different critical temperature. However, there is only one critical temperature in our case, thus there is no need to use a weakly coupled two-band picture for our model.
V. STM SPECTRA AND QUANTUM INTERFERENCE EFFECT
Since recent STM measurement on heavy fermion compounds has provided much invaluable information on the quasiparticle excitation both in normal and superconducting states, [11] [12] [13] [14] [15] [16] in this section, we proceed to study the STM spectra of the present model. [46] [47] [48] [49] [50] Following Ref. [48] , the zero temperature differential conductance can be obtained as
where N cc (ω),N f f (ω),N f c (ω) are local density of state for conduction electron, local electron and the quantum interference term of them, respectively. They are defined by
Also, two different tunneling amplitudes t c and t f are introduced for conduction and local electrons. It has been emphasized in literature that the ratio between these tunneling paths has a strong influence in determining the experimental lineshape of STM spectra, 48, 49 thus we show the corresponding spectra with different ratio of t f /t c .
In Figs. 8,9 and 10, we have shown the STM spectra for J H = 0.2, 0.291, 0.4. In practice, experimental tunneling results will be modified by the effects of disorder, therefore a phenomenological quasiparticle elastic relaxation rate Γ = 0.01 has been introduced into the theoretical calculation.
47 [More precise treatment can be reached if Fermi liquid theory correction for quasiparticle relaxation rate is considered although the existence of Heisenberg interaction may complicate such issue. 49 ] In all cases, it is found that when tunneling is dominated by the conduction electron path (t f /t c = −0.1), unambiguous (lattice periodic) Fano lineshape appears which is consistent with the measurement in the so-called hidden order material URu 2 Si 2 and quasi-two-dimensional heavy fermion superconductor CeCoIn 5 .
11,13 Next, the classic Fano lineshape is broken by the quantum interference with the local electron path when t f /t c increases. Finally, the STM spectra are dominated by the tunneling of local electron, which shows a large peak around Fermi energy and is similar to the finding in Ref. 13 . Such peak reflects the fact that there is no excitation gap in this two-band system in contrast to the case with χ < 0, where both direct (hybridization) and indirect gap appear in the spectra. It is noted that when the electron Fermi surface emerges, the two-peak or peak-dip-peak structure of single hole Fermi surface evolves into a single peak. Physically, such behavior is caused by filling more states around Fermi energy due to the emergence of the electron Fermi surface. This evolution is consistent with Ref. [48] , where authors state that the existence of a two peak structure in dI/dV as predicted in Ref. [47] is not a generic feature of heavy-fermion materials. In our opinion, since only Kondo lattice model is analyzed in Ref. [47] , the neglect of possible Heisenberg interaction, which however is crucial for fitting to the observed energy band structure, 13, 16 leads to the flaw in the conclusion of Ref. [47] .
VI. CONCLUSION AND DISCUSSION
In summary, we have studied the topology of Fermi surface of Kondo-Heisenberg model in terms of large-N mean-field theory. The sign structure is uncovered, which prohibits the formation of multi-Fermi surface structure. When bypassing such difficulty with relaxing of selfconsistency for mean-field parameters, we have discovered the evolution of topology of Fermi surface versus the short-ranged antiferromagnetic interaction. Importantly, the obtained Fermi surface is similar to the findings in spectroscopy experiments, thus confirms the validity of our model calculation and arguments.
Furthermore, we have provided the STM spectrum for the discovered multi-Fermi surface system and have studied the physical quantities in the possible unconventional superconducting state. The calculated results are well consistent with existing experiments in heavy fermion superconductor CeCoIn 5 .
In addition, it is suspected that the multi-Fermi surface structure may result from the band-folding effect of performed antiferromagnetic long-ranged order. However, to our knowledge, the existing experimental data does not provide explicit information for the antiferromagnetism above the superconducting transition temperature. Both the ARPES and STM results are well explained without any putative magnetic long-ranged order.
9-16 Therefore, it is still not clear whether the observed multi-Fermi surface is the result of band-folding effect due to certain magnetic order.
We hope the present work may be helpful for understanding on the complicated Fermi surface topology of heavy electron system and the corresponding anomalous behaviors. In the main text, we have discovered the sign binding in the Kondo-Heisenberg model, and it is interesting to see whether such binding exists in other correlated manybody models. Surprisingly, we find that it is indeed true at least in quantum XY and t − J-like models in the framework of fermionic large-N method. 40, 41, 51, 52 In this Appendix, we take the simplest 1D quantum XY model as an example to check it. The model is defined by
Then, using the same large-N treatment as in the main text, we obtain the following mean-field Hamiltonian,
and ǫ k = −tχ cos(k x ). Next, the only mean-field equation reads
If we only focus on the zero temperature limit, the above equation can be analytically solved, which gives the simple result χ = sgn(t)/π. This confirms that the sign binding is true in this simplest 1D quantum XY model.
